The nitrogen transportation within the thallus of Laminaria japonica Areschoug was investigated both in laboratory and field experiments. In the laboratory, it was observed by using 15N as a tracer that the thallus allocated labelled soluble organic N to the younger basal tissues and labelled ammonium to the mature apical tissues. In addition, the younger basal tissues had a higher NH4+ uptake rate than ma ture apical tissues, and the assimilation of NH4 was more active in the mature tissues. These results sug gest that this transportation is based on two source-sink relationships. One is the transport of inorganic N from basal to mature tissues for assimilation. Another is the transport of soluble organic N assimilat ed in mature tissues to basal meristematic tissues for growth.
Nitrogen is an essential element for seaweeds and is often a limiting factor to growth. Chapman and Craigiel) reported limitation of growth in Laminaria longicruris by the lower nitrogen availability from ambient seawater, par ticularly in the summer. The stored nitrogen within the thallus is used for growth under nitrogen limitation. [1] [2] [3] [4] However, there is no direct evidence indicating utilization of the stored nitrogen for growth and survival in a low nitrogen environment.
To understand the relationships be tween the utilization of nitrogen and the nitrogen environ ment, it is necessary to know the dynamics of nitrogen compounds within the thallus after their acquisition from ambient seawater.
It has been observed in several laboratory experiments that inorganic nitrogen uptake and assimilation vary along the thallus of Laminariales.
Machiguchi et al.5) observed the higher capacities of nitrate ammonium uptake for the younger tissues of L. angustata var. longissima. The ni trate uptake by L. groenlandica also decreases with increas ing age.6,7) But nitrate reductase, glutamine synthetase8.9) and photosynthetic activities10,11) are higher in mature api cal tissues than in younger basal tissues. In spite of these differences between the distributional patterns of inorgan ic nitrogen uptake and assimilation activities along the thal lus, the conflict does not solve how the different parts of the thallus contribute to the growth and survival of all the plant tissues in the natural environment. The transport mechanism may be closely related to these differences.
Translocation of assimilates within the blade of Laminariales has been investigated using 14C as a tracer. 12-16) The photosynthetic assimilates in the source area of the mature blade move to meristematic sites and the major translocates are amino acids and mannitol. The transportation of125I,17)32P, 86Rb18) and 15N19) also follows the source to sink pattern in a similar manner to that of car bon. Although there have been several studies of transloca tion in the laboratory, little is known about the sig nificance of transport within the thallus under field condi tions.
In this study, ammonium uptake and assimilation activi ties along the thallus of L. japonica were simultaneously measured by using the 15N tracer technique. The character istics of the nitrogen transport mechanism were also inves tigated by the partial supplement of 15N to the thallus in the laboratory. From the results obtained in several labora tory experiments as described above, a systematic model for nitrogen transportation within the thallus is proposed. Furthermore, to understand the role of transport within the thallus under natural conditions, tissue removal experi ments were carried out under nitrogen-rich (winter) and nitrogen-poor environments (late spring).
Materials and Methods
Laboratory Experiments 
Field Experiments
The tissue removal experiments were conducted using forced L. japonica grown in cultivated areas off Usujiri , H okkaido (Japan) in two different nitrogen conditions, i.e. nitrate-rich (January to February, 1991) and nitrate poor (April to May, 1991). In January, the sporophytes which had a blade length of 1.0 m were separated into basal (Group B) and apical parts (Group C) by cutting the blade at 50cm from the stipe-blade transition. Group B and Group C were respectively cultivated in the field for about one month. Similarly, the sporophytes which had a blade length of 4.0m in April were cut at 2.0m from the stipe-blade transition along the thallus, and cultivated as Group B and C for one month, respectively. Uncut sporo phytes were cultivated as a control (Group A) in each period. After the tissue removal experiments, the sporo phytes were harvested and several tissue segments (n = 4-8) were taken out from the basal to apical parts along the blade with a dissecting knife. These tissue segments were washed in a similar manner as described above and used for analysis of total nitrogen and carbon, soluble nitrogen and inorganic nitrogen contents. Furthermore, the individ uals used in the tissue removal experiments were punched at 50 cm from the stipe-blade transition of the thallus. The elongation was measured and compared between Group A and B after one month for the two nitrogen conditions. where, N(US.1 N) and N(SOl N) were the nitrogen allocated into the insoluble and soluble nitrogen pools during the incuba tion time (T), respectively. N( SO1 org N) was the nitrogen allo cated into the soluble organic nitrogen during the incuba tion time. Figure 2 shows the distribution of 15N to insoluble and soluble nitrogen pools along the thallus after the partial supplement with 15N labeled ammonium. The 15N enrich ment into the soluble nitrogen pool was the highest in the region exposed directly to 15NHa+4, with decreasing 15N towards the basal and apical parts. The 15N content in in soluble nitrogen was distributed in a slightly different man ner to that in soluble nitrogen. Higher 15N allocation into insoluble nitrogen was observed in the 10-15cm part locat ed immediately above the meristematic tissues. The 15N al Lines are drawn through the mean values of the 2 data points plot ted. Shaded area indicates the part supplied with 15NH+4 for 6 h. Shaded area indicates the part supplied with 15NH+4 for 6 h.
location into insoluble nitrogen pool gradually decreased towards the apical tissues. These results suggest that the direction of nitrogen transport is both to the apical and basal tissues, similar to the directionality of carbon trans port summarized by Schmitz.241 The 15N distribution into soluble organic N, N0-2 +NO-3-N and NH+4 -N fractions in soluble pool is shown in Fig. 3 . The distribution was clearly distinct be tween the basal and apical parts. The 15N distribution in the basal parts was mainly in the organic nitrogen frac tion, followed by the N0-2 +NO-3 fraction. The 15N distri bution in the NH+4 fraction in basal parts was very small. Luning et al. 13) suggested that amino-nitrogen might be the main form of nitrogen translocation because amino acids were concentrated in 14C labeled products. The amino acids are the main component in the soluble nitrogen pool in L. japonica.25) In addition, the transport to basal tissues is based on the nitrogen demand during growth of the meristematic tissues, as reported by Davison and Stewart.191 These results suggest that the nitrogen is mainly transported as amino acids from the apical to basal tissues for growth. Meanwhile, the 15N distribution to apical parts was mainly characterized by allocation into the NH+4 frac tion, followed by the organic nitrogen fraction. This indi cates the possibility of transport in the form of inorganic nitrogen.26) Particularly, 15N labeled ammonium was preferentially translocated to the apical tissues. This phenomenon implies that the ammonium transport to api cal tissues is likely to be induced by the inorganic nitrogen demand for the assimilation in mature tissues where assimi lation activity is more active than the younger basal tis sues. The 15N in the N0-2+NO-3 fraction may be due to in tracellular nitrification.27)
The transport mechanism is often discussed in terms of transportation from source to sink. For nitrogen trans port, there were at least two source-sink relationships, be cause 'IN labeled nitrogen was translocated both to ma ture and meristematic tissues (Fig. 4) . It is considered that the assimilated nitrogen is transported from the mature apical tissues as the source to the meristematic tissues as the sink for growth, in a similar manner to other ele ments.13,15,18) On the other hand, nitrogen allocation to apical tissues is considered to be based on the inorganic nitrogen demand for assimilation in mature apical tissues that act like a sink. From these laboratory results, the main trans port direction and product are probably determined by the dominant nitrogen metabolic activities of the sink. It is ex pected that this nitrogen transport mechanism contributes to growth and survival in the natural environment.
The natural nitrogen environment in L. japonica beds changes seasonally and is divided into nitrogen-rich and -poor periods .28) It is also reported that such a change of nitrogen environment influences the nitrogen status within the thallus.29) The change of nitrogen status within the thal lus influences the strategy for nitrogen acquisition. From this point of view, the tissue removal experiment is useful to understand the strategy for nitrogen acquisition and the interaction among the tissues along the thallus in the natur Figure 6 shows the effects of tissue removal on the solu ble nitrogen composition within the tissue segments. The soluble organic nitrogen of Group B was decreased in all parts by the truncation, whereas inorganic nitrogen was in creased. On the contrary, the removal of basal tissues (Group C) by truncation resulted in the reverse effects to the removal of apical tissues (Group B). These results may be due to the obstruction of nitrogen transport based on the two sink-source relationships described above. In addi tion, the carbon transport to basal tissues was obstructed more than that of the nitrogen from the decrease of C/N ratio by tissue removal. Thus, the mature apical tissues are a relative important supplemental source of carbon to basal meristematic tissues, because nitrogen utilization of the blade is a luxury in this period and the growth limita tion is based on factors other than nitrogen.29) organic nitrogen and the increase in ammonium. However, the removal of basal tissues did not influence the nitrogen composition (Group C). These results indicate that the transport mechanism is also active during this period. When the plants enter a nitrogen-poor period, nitrogen will be supplied from stored nitrogen, such as ami no acids and nitrate accumulated in mature apical tissues. If the nitrogen-poor period is extended, nitrogen will be supplied by catabolite and re-assimilated nitrogen in apical tissues.33) Therefore, it is suggested that these nitrogen com ponents are mainly transported from the apical to basal tis sues for survival in this period.
The effects of truncation in the growth pattern of L. japonica are shown in Table 1 . In the nitrogen-rich period, a decrease of about 60% in the elongation was induced by the tissue removal (t-test: p<0.01). The difference in the elongation between Group A and B reached 41.8 cm. Although the difference in the elongation between the two groups was small (6.5cm) during the low nitrogen period, the growth rate of inhibition reached about 80% (t-test: p<0.05). Probably, the nitrogen source in apical tissues is in sufficient compared to the demand for growth metabolism of the basal tissues during the nitrogen-poor period. Ac cording to Chapman and Craigie,2) the decrease in growth by tissue removal is due to the decrease of photosynthetic capacity following the decrease of blade area. However, it is known that carbon fixation is suppressed during nitro gen starvation.30-32) Therefore, it is suggested that the decrease igrowth is also caused by inhibition of the nitro gen transport mechanism to metabolic acquirement in basal tissues. Particularly, nitrogen transportation is sig nificant for the growth and survival under nitrogen deficient conditions. In summary, ammonium uptake and assimilation activi ties differed greatly among the parts of the blade. The difference in the distribution of these activities is related to the transport mechanism based on two source-sink relationships. Furthermore, this transport mechanism con tributes to the growth and survival of the blade of L. japonica in the field, both for nitrogen-rich and poor periods.
